Abstract-In this paper, a novel plasmonic grating sensor platform was developed and tested for feasibility using a lights-ON fluorescence-based DNA assay. The sensor platform combined the fluorescence enhancement of a grating-based plasmonic platform with the electric field intensifying effects of nanoscale cones and cavities. The gratings were made through a microcontact printing process that replicated HD-DVD disks in polymethylsilsesquioxane and coated with a thin gold film. Nanocavities were incorporated into the sensor platform during the printing process and nanocones were incorporated during the 100-nm gold deposition process. Fluorescently tagged single-strand (ss) DNA molecules were immobilized onto the surface and were designed such that the molecules would fluoresce when bound to a complementary sequence. Sensor substrates were imaged after exposure to a mismatched and matched ssDNA to quantify the fluorescence enhancement of the sensor. Exposure to matched ssDNA resulted in fluorescent emission from the grating that was 13.6× brighter than flat gold, while the nanocones and nanocavities were 37.5× and 47.4× brighter than flat gold, respectively.
resonance (SPR) have proven their usefulness in applications that reduce the lower limits of detection (LOD) [1] , [2] . In SPR based sensors, light is coupled to a metal/dielectric interface, creating intense electromagnetic fields at the interface which can be used to excite nearby fluorescent molecules. Coupling occurs at an interface when the tangential momentum of incident light (k light ) is equal to the SPR momentum (k SPR ) of a metal/dielectric interface, see (1) .
Where ε d and ε m are the permittivities of the dielectric and metal, respectively. Under normal circumstances the two momentum components never match thus complex optical systems were needed in order to obtain momentum matching [3] [4] [5] [6] . However, periodic perturbations in the surface profile, such as grating structures, alter the scattering properties and adds a momentum component to the light coupling conditions such that light can be coupled to a surface without the need for prisms and complex optical systems, see (2) .
Where the θ SPR is incident angle of the illuminating wave to create a surface plasmon and is the grating pitch. Recently, an inexpensive soft lithography process was developed to produce plasmonic gratings with nano-scale cavities or "nanogaps" and nanoconical structures ( Fig. 1 ) that provide the ability to perform ultrasensitive fluorescence detection using conventional optics. The process replaces expensive traditional e-beam lithography techniques by taking advantage of commercially available master molds in the form of CDs, DVDs, HD-DVD (High Definition Digital Video Disk), and Blu-rays with the robustness of the gratings in physiological conditions allowing us to use them as fluorescence sensors [6] [7] [8] . Plasmonic gratings were fabricated as hybrid soft/hard nanostructures by nano-imprinting a polymer ink using the existent grating structures on commercially available HDDVDs followed by thermal deposition of a thin plasmonic 1558-1748 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. metal layer such as silver and gold. Gold was ultimately selected as the plasmonic metal of choice due to its ability to form a strong bond to thiol molecules and its corrosion resistance. Control over the metal deposition rate and stresses incurred during nano-imprinting results in patterned, nanoscale surface structures such as nanocones and nanogaps that serve as sites for extraordinary concentration of incident light (Fig. 1) . The intensified evanescent field has a profound impact on excitation of surface-bound fluorophores, enhancing the excitation and emission intensities many orders of magnitude higher than flat metal surfaces. When combined with a fluorescence-based sensor assay, the enhanced signal enables detection with a much higher signal-to-noise ratio, which is a topic that has become an important focus in fluorescence-based biosensors design in recent years [9] , [10] .
Experiments with a "lights-on" fluorescence based DNA assay using our fabrication methodology have demonstrated the feasibility of the platform as a fluorescence enhancement platform. A dye-labeled single-strand (ss) DNA was attached to a prototype gold grating via thiol-gold binding. The ssDNA molecule initially adopted a collapsed, unstructured conformation or "hairpin" that brought the dye into close proximity with the gold surface which effectively quenched the fluorescence, see Fig. 2(a) [11] . When the complementary ssDNA was introduced, hybridization resulted in duplex formation, extending the 5'-labeled dye away from the gold surface and allowing plasmonic-enhanced dye fluorescence to occur. With proper tuning and functionalization for bioconjugation, the presented platform could achieve much higher enhancement of fluorescent signals, leading to lower limits of detection and high sensitivity as biological sensors [2] , [6] , [7] , [12] .
II. EXPERIMENTAL SECTION

A. Materials and Reagents
Commercial HD DVD-R discs were purchased from Memorex. Polydimethylsiloxane (PDMS) was ordered from Dow Corning Corporation (Sylgard 184-PDMS). Polymethylsilsesquioxane (PMSSQ) was purchased from Techneglass, Inc (GR650F). Phosphate buffered saline (PBS) tablets and Tris-EDTA (TE) buffer solution were obtained from Sigma Aldrich. Three custom made ssDNA molecules were manufactured by Integrated DNA Technologies, Inc. A 42 base pair (bp) ssDNA "hairpin" aptamer was bound to Cyanine 5 (Cy5), a fluorescent molecule (excitation: 650 nm, emission: 670 nm), at the 5' terminus and a thiol group at the 3' terminus. The ssDNA aptamer had the following sequence: 5'-Cy5-CAGACAGAACCCATGGAATTCAGT-TCTCACT GTCTGAAAAAA -SH -3'. Two, 22 bp ssDNA oligomers were also manufactured, one being a perfectly matched sequence to the sensor aptamer (5' -TGAGAACTGAATTCCATGGGTT-3') while the other ssDNA molecule had a single base mismatch (5' -TGAGAACTGAATTCCATAGGCT -3'). To better illustrate the binding sites between the ssDNA strands a binding diagram has been provided in Fig. 2(b) .
The sequence was designed such that the hybridized length of the 5' terminus would be outside of the proximity quenching region of gold (<10 nm) but still within the plasmonic enhancement region, which is estimated to be between 10 and 100 nm from the surface [14] . Ideally, the hybridized DNA strand would place the Cy5 molecule very close to 10 nm from the gold surface to experience the highest field strength of the evanescent field. However, due to the variability in field intensity on the plasmonic grating/nanocones and possibility of DNA bending in fluid shear, the sequence was designed to extend farther than 10 nm from the surface. When hybridized, the Cy5 dye molecule attached to the 5' terminus was estimated to be 21 nm from the immobilized 3' end given that double stranded (ds) DNA is 0.34 nm in length per base pair and ssDNA is 0.7 nm in length per base [13] .
B. Grating Fabrication and Characterization
PMSSQ gratings were created through the same microcontact stamping process developed in previously published work [6] [7] [8] . The process replicates gratings found on commercially available HD DVDs. PMSSQ was selected for its stability and robustness at room temperature as well as its ability to quickly crosslink when exposed to moisture/air. Gratings were coated with a 5 nm thick chromium adhesion layer and 100 nm thick gold layer deposited at a rate of 0.1 Å/sec. for the first 5 nm followed by a rate of 0.5 Å/sec. for the remaining deposition using a NANO 48 thermal evaporation system (Kurt J. Lesker Company). Grating structure was monitored throughout the production process with an atomic force microscope (AFM) (Innova®, Bruker Biosciences Corporation) that used AppNano ACTA silicon SPM tips (k: 40 N/m, f: 295 kHz, tip radius: ∼6 nm).
The extent of light coupling to the grating was quantified through reflectivity measurements taken with a variable angle spectroscopic ellipsometer (VASE) system equipped with a xenon broadband source (VASE®/HS-190, J.A.Woollam Co, Inc.). Measurements were taken using transverse-magnetic (TM) light at a range of wavelengths (λ = 200 -2000 nm) and angles of incidence (θ = 15 -60°). Typically, SPR-induced light absorption is observed as a sharp drop in reflectivity that exhibits strong angular dependence as seen in Fig. 3(a) .
C. Sensor Design
Freshly deposited gold gratings were incubated with 5 μM ssDNA aptamer in 1×TE buffer (1 M NaCl added, titrated to pH 7.5) for 24 hours at room temperature. Semi-covalent bonding between freshly deposited gold surfaces and thiol functional groups is well studied and provides a stable immobilization mechanism that can be used to attach ssDNA to gold surfaces [11] . Sensors were rinsed three times in 1×TE buffer after every incubation step to remove unbound ssDNA. Sensors were then exposed to 100 μM mismatched ssDNA in 1×TE buffer for 45 minutes at room temperature. Following rinsing, sensors were imaged with an epifluorescence microscope equipped with a 60× water-immersion objective, ORCA Flash 2.8 CMOS camera, and Cy5 fluorescence filter cube (band pass excitation filter: 606-648 nm, dichroic mirror: 665 nm, band pass emission filter: 672-715 nm). Sensors were then exposed to 100 μM perfectly matched target DNA in 1×TE buffer for 45 minutes at room temperature. Samples were then rinsed and imaged as previously described.
III. RESULTS AND DISCUSSION
A. Grating Topography
Grating shape and size remained very close to the original HD DVD grating dimensions (60 nm height, 400 nm pitch) throughout the replication and deposition processes. AFM topographical information of the 100 nm gold coated HD DVD grating has been provided in Fig. 1(a,b) . Surface roughness increased due to the formation of large metal grains on the surface (RMS: 3.92 nm, Grain size: 24.8 nm). Large grain growth on the gratings is attributed to the lower adatom energy which limits atomic mobility [15] . Increased grain size as well as the directional influence of grain growth on grating ridges and pits collectively formed large conical grains that extended far above the grating ridges (Avg. height above ridges: 39.8 ± 15 nm). The resulting nanoconical structures behave as plasmonic antennas that concentrate the surrounding electromagnetic (EM) field. The increased field strength at these locations will result in an increase in excitation intensity of nearby fluorophores and ultimately more intense fluorescent emission [8] .
Unequal forces in the PDMS peeling step produced shear force on the PMSSQ ink giving rise to the formation of nanogaps whose width ranged from 200 -400 nm and were wide-spread throughout the grating. Nanogaps typically form perpendicular to the peeling direction of the PDMS stamps. The PDMS used to manufacture the gratings in this study were peeled parallel to the grating orientation which resulted in nanogaps cutting perpendicular to the gratings as seen in Fig. 1(b) . The sharp discontinuity in the grating profile from nanogaps concentrates the surrounding EM field and increase fluorophore emission intensity [6] , [8] .
B. Optical Properties
Reflectivity scan results in Fig. 3(a) indicate that light can couple to the gold gratings at wavelengths between 530 -750 nm at angles of indices between 15°-60°in air. The VASE system used to record reflectivity was not capable of measuring low incidence angle reflectivity on liquid samples. However, the SPR dispersion curves of gold gratings in air and water were calculated using Finite Difference Time Domain (FDTD) simulations using FullWave software (Synopsys). Simulated curves were plotted with experimental reflectivity measurements in Fig. 3(b) . The excitation and emission spectrum of Cy5 dye was not well coupled in air as it requires a high coupling angle but can couple at the lower angle, upper frequency SPR mode in water.
In order to couple light at the required wavelengths, a form of angled excitation and imaging is required. The range of excitation angles present in higher numerical aperture objective provides angled excitation from a simple microscope setup. The range of angles provided by an objective are normally distributed centered at 0°and contained within the convergence angle (θ CA ) [16] , [17] . The convergence angle can be calculated based on the imaging medium refractive index and the numerical aperture of the lens, see (3) .
The objective used in this experiment was a waterimmersion 60× objective with a numerical aperture of 1.2. Based on this information, a normal distribution was fitted to the calculated convergence angle (θ CA = ±64.16°) and plotted in Fig. 3(c) . It is clear from this plot that the majority of light is located near 0°and that only a small fraction of light is at the convergence angle. In order to maximize SPR excitation, the fluorophore excitation and SPR coupling spectrums must both be located near θ SPR = 0°. After fluorophores are excited by the evanescent SPR field, a unique phenomenon has been observed called surface plasmon coupled emission (SPCE) [14] . The phenomenon occurs when the isotropic emission of fluorophores within 200 nm of the metal surface are absorbed by the metal and converted into a directed emission. SPCE enables far better fluorescence collection as long as the detector is able to collect the directed emission.
Based on the dispersion of the grating in water and Cy5 filter cube parameters, SPR was generated with excitation light (606 -648 nm) with incident angle, θ = 0 -4.2°. SPCE (672 -715 nm) was emitted from the grating from θ = 7.2 -12.7°. When compared to the angular illumination range of the 60× objective in Fig. 3(c) , the objective illuminated the sample in the correct SPR angle range and was able to collect light over the entire SPCE angular range. This precisely designed platform allowed extraordinary fluorescence enhancement from fluorophore labeled DNA as described in the next section.
C. DNA Detection and Fluorescence Enhancement
Brightfield, Fig. 4(a) , and fluorescence images, Fig. 4(b, c, d ) demonstrate the enhanced fluorescence due to targeted DNA binding on the grating platform and other incorporated nanostructures. The fluorescence images seen in Fig. 4(b) demonstrates that ssDNA does not properly bind to the mismatched sequence as only a minor increase in fluorescence intensity was detected over the unexposed ssDNA coated grating. Furthermore, the lack of fluorescence signal from the mismatch exposed DNA sample indicates that little to no surface clumping occurred as clumped DNA has restricted mobility and less accessible binding sites leading to the presence of fluorescent spots.
Once exposed to the target sequence the fluorescence intensity from the grating, Fig. 4(c) , increased to 13.6x brighter than flat gold, Fig. 4(d) . Nanocones and nanogaps also increased in fluorescence intensity to 37.5x and 47.4x brighter than flat gold, respectively, due to the concentrated EM field. Small nanocones were observed on the flat gold but were much lower intensity than grating-localize nanocones due to the absence of a strong EM field.
Due to the range in nanocone height and corresponding EM field concentration, the fluorescence intensity varied between nanocones. With further deposition tuning, nanocone growth can be more controlled and produce more uniform enhancement values. Nanogaps exhibited less variability in enhancement, however, more control over orientation and force applied during stamping is necessary to achieve higher and more uniform enhancement values.
IV. CONCLUSION
In conclusion, a plasmonic grating-based sensor platform was presented that combined the fluorescence enhancement of grating-coupled SPR with the fluorescence enhancement that arises from intense, localized electric fields that surround nanocones and nanogaps. The resulting high fluorescence enhancement on the platform could easily be used to enhance previously low intensity signals and detect lower concentrations of oligomers. Future work includes obtaining a concentration dependent fluorescence response curve as well as modification of the aptamer sequence to detect oligomers from analytes of interest. With tuning, the platform could be multiplexed to detect multiple analytes through the immobilization of different aptamers linked to independently distinguishable fluorophores.
